Abstract: Omnidirectional and broadband light harvesting is critical to photovoltaics due to the sun"s movement and its wide spectral range of radiation. In this work, we demonstrate distinctive indium-tin-oxide nanowhiskers that achieve superior angular and spectral characteristics for crystalline silicon solar cells using angle-resolved reflectance spectroscopy. The solar-spectrum weighted reflectance is well below 6% for incident angles of up to 70° and for the wavelength range between 400nm and 1000nm. As a result, the nanowhisker coated solar cell exhibits broadband quantum efficiency characteristics and enhanced short-circuit currents for large angles of incidence. 29, 993-1009 (1982). 6. P. Lalanne and G. M. Morris, "Antireflection behavior of silicon subwavelength periodic structures for visible light," Nanotechnology 8(2), 53-56 (1997). 7. M. Srinivasarao, "Nano-optics in the biological world: beetles, butterflies, birds, and moths," Chem. Rev. 99(7), 1935-1962 (1999) 
Introduction
Anti-reflective coatings (ARCs) play a very important role in optoelectronic devices, particularly solar cells [1] [2] [3] . The conventional ARCs are realized in general with a stack of thin-film dielectric layers, which involves a detailed optical design and precise evaporation controls to tailor for the broad solar spectrum. Over the past decade, versatile sub-wavelength structures (SWSs), such as biomimetic moth-eye structures [4] [5] [6] [7] [8] and random nano-rods [9] [10] [11] , have demonstrated broadband and omnidirectional antireflection characteristics. The superior performance of SWSs results from a gradually varying structural profile or air porosity which functions as a graded index (GRIN) buffer layer at the dielectric interface [12, 13] . However, the elaborated fabrication processes involving either electron-beam (ebeam) lithography and/or dry etching are not suitable for large-area solar cells. The processinduced surface recombination defects further deteriorate the device performance, hindering the wide deployment of SWSs in photovoltaics. Consequently, SWSs fabricated by using bottom-up growth methods are rather favorable for actual device applications. In this paper, we demonstrate a single layer of indium-tin-oxide nanowhiskers deposited on a microtextured silicon solar cell using electron-beam evaporation [14, 15] . The nanowhisker-coated solar cell exhibits superior omnidirectional and broadband antireflective properties, compared to a conventional reference cell. As a result, the power conversion efficiency (PCE) of the cell with the nanowhisker ARC achieves 17.18%, compared to 16.08% of the control cell. The enhancement in the external quantum efficiency (EQE) characteristics well matches the reduction in reflectivities, which confirm the enhanced light transmission and nearly lossless photo-electric conversion facilitated by ITO nanowhiskers. Moreover, the angular characteristics of solar cells with such combined micro-and nano-scale surface textures had yet been investigated. An angle-resolved reflectance spectroscopy and an angular currentvoltage system are established to correlate the angle-dependent antireflection characteristics to the short-circuit-current enhancement.
Experimental
The device fabrication followed standard Si solar cell process procedures, including sawdamage and surface-texture etch using a KOH solution, emitter diffusion with POCl 3 , deposition of a 80-nm-thick SiN x passivation layer, and the screen-printing process for the front and back contacts. Subsequently, the ITO nanowhiskers were deposited using an electron-beam evaporation system by introducing 1 sccm nitrogen. Nitrogen can dilute the oxygen concentration in the chamber, facilitating the growth of ITO nanowhiskers in an oxygen deficient ambient. The composition of the ITO target included 95 wt% In 2 O 3 and 5 wt% SnO 2 . During the deposition, the chamber pressure was controlled at 10 4 torr with a substrate temperature of 260°C. Next, the nanowhisker-coated solar cell and the reference cell were co-fired in a fast-firing belt furnace at a peak temperature of 800°C. Finally, the edge isolation was achieved using a 532-nm Nd:YAG laser. The cell area is 2.5x3.5 cm 2 . Fig. 1 . The schematic formation of ITO nanowhiskers undergoing three steps: nucleation, column growth, and branch development. The growth mechanism is possibly dominated by a self-catalytic vapor-liquid-solid mechanism in an oxygen-deficient ambience. The growth of ITO nanowhiskers presumably involves a self-catalytic vapor-liquid-solid mechanism. Due to oxygen deficiency during the deposition, the tin atoms function as the catalyst in an In-Sn-O ternary phase, facilitating the development of a liquid phase on the surface [16, 17] . As illustrated in Fig. 1 , the growth of ITO nanowhiskers undergoes three steps. The first step is nucleation, where ITO molecules evaporated from the target form a thin film with a liquid phase on the surface due to oxygen deficiency. Then, the In 2 O 3 molecules form crystalline nuclei inside the liquid shell and grow vertically into nanorods. At a height of ~700 nm, the In 2 O 3 crystals no longer grow vertically but develop branches on the side by breaking through the Sn-rich liquid surface, forming into a whisker structure. An electron dispersive spectroscopic (EDS) analysis has been conducted and confirmed the surface of a trunk exhibiting a relatively high tin composition. Similar growth mechanisms have been reported by sputtering [18, 19] , and by oblique electron-beam evaporation [15, 20] . Figures 2(a) to 2(d) show the scanning electron micrographs (SEMs) of the evaporated ITO nanowhiskers on the micro-grooves, where the whiskers are uniformly distributed. Figure 2(a) shows the scanning electron micrograph (SEM) at the column growth step, where short ITO rods exhibit a diameter of 30-50 nm and a height of 150-250 nm. Figure 2(b) shows the whisker structures with a longer deposition time, forming a much denser surface nanostructures than Fig. 2(a) . The ITO nanowhiskers consist of one thick trunk and many short branches, where the branch density is related to the optical properties. At this point, Fig.  2(b) 
Results and discussion
The fabricated solar cells are characterized under a standard test condition with a simulated AM1.5g illumination (100mW/cm 2 ). The current-voltage characteristics are plotted in Fig.  3(a) . The short-circuit current density (J sc ) of the solar cell with ITO nanowhiskers (the whisker cell) increased from 35.84 mA/cm 2 to 37.36 mA/cm 2 , differed by an additional 1.52mA/cm 2 . The PCE is also enhanced by 7% (from 16.08% to 17.18%) by using ITO nanowhiskers with a height of 750 nm as an ARC. Moreover, the external quantum efficiency (EQE) and reflectance at normal incident angles are measured for both the whisker and the reference cells. As shown in Fig. 3(b) , the whisker cell demonstrates low reflectance (R<5%) for the wavelength range between 350 nm to 1100 nm, which increases the optical absorption of the solar cell in the near-infrared wavelength range. Consequently, the whisker cell demonstrates a higher EQE from 600 nm to 1100 nm than the reference due to improved optical absorption. ITO nanowhiskers effectively improve absorption in the near infrared, which is the usual weak absorption region for silicon photovoltaics. However, the ITO whiskers also exhibit parasitic absorption below 400 nm that slightly affected the EQE. It is worth noting that the internal quantum efficiency (IQE) spectra of both devices, obtained by dividing the measured EQE with R, are nearly identical for wavelengths larger than 400 nm, indicating that the improvement of EQE is purely due to reduced optical reflection. Moreover, based on the EQE measurement, the calculated photocurrent densities, obtained by integrating the product of the EQE and standard AM 1.5g spectrum over wavelength [21] , are 38.76 mA/cm 2 and 37.48 mA/cm 2 for the whisker and the reference cells, respectively. The calculated values agree with the measurements within 4.5%, which also confirms the accuracy of the calibration and characterization procedures. Figures 4(a) and 4(b) present an angle-resolved reflectance spectroscopy for both the reference and whisker cells, respectively [22, 23] . It can be clearly seen that the reflection property at the near-infrared is detrimental for the reference cell, and further deteriorates with the increase in incident angles. As silicon photovoltaics are evolving towards thin substrate technologies, the high reflectivity at the near-infrared could further worsen the weak optical absorption in thin wafers. In contrast, the cell with ITO nanowhiskers suppresses optical reflection in the infrared wavelengths, as represented by the dark blue color on the right half plane of Fig. 4(b) . Still, the surface textures may also give rise to scattering and slightly raise the reflectivity by less than 1% between the 500 and 600 nm wavelengths at oblique incident angles between 40° and 75°. However, it will also be shown later that the nearly negligible scattering loss does not affect the angular current-voltage characteristics. To quantitatively compare the angle-dependence of solar power harvesting, an AM 1.5g solar-spectrum weighted reflectance is further calculated using the following equation and plotted in Fig. 5(a) . 
where R(θ,λ) is the measured reflectance maps shown in Fig. 4 (a) and 4(b), and I AM1.5g (λ)is the photon flux density of the AM1.5g solar spectrum. As shown in Fig. 5(a) , the weighted reflectance of the whisker cell shows a remarkable decrease compared to the control cell, particularly at large angles of incidence. At an incident angle of 70°, the weighted reflectance <R> of the whisker cell is still less than 7%, while that of reference cell is approximately 9%. The omnidirectional property is further investigated by mounting the cell on a homemade rotatable chuck and performing the I-V characterization under the AM 1.5g condition from zero to 85° [24, 25] . The angular short-circuit current density for both cells and the corresponding enhancement factor are plotted in Fig. 5(b) . The measured curves generally follow the cosine law due to the oblique incidence of light. As shown in Fig. 5(b) , the enhanced short-circuit current density of the whisker cell is sustained for large angles of incidence, where the corresponding enhancement factor becomes considerable at large angles, e.g. >15% at an incident angle of 70°. Both measurements in Figs. 4 and 5 indicate that a solar cell with ITO nanowhiskers coated on the micro-grooved surface could further improve the solar energy conversion for the entire day. 
Conclusion
In conclusion, we presented the enhanced angular characteristics of a silicon solar cell employing ITO nanowhiskers, which are grown by electron-beam deposition with a nitrogen flux. The uniform nanowhisker layer improves the external quantum efficiency in the near infrared wavelength range, and contribute to an increased short-circuit current and power conversion efficiency by an additional 1.52mA/cm 2 and 1.1%, respectively. An angle-resolved reflectance spectroscopy reveals the omnidirectional antireflective properties for the silicon solar cell coated with ITO nanowhiskers. The angular I-V characterization further confirms enhanced photocurrent conversion for large incident angles up to 85°.
